Oxygen isotopic compositions of quartz and feldspar in greenschist-grade mylonites from the Blue Ridge thrust and the Brevard zone in the southern Appalachians were analyzed by laser microprobe to examine the effect of deformation on isotopic behavior. In mylonites, texturally homogeneous polycrystalline quartz ribbons have a constant isotopic composition (δ 18 O ϭ 12.9 Ϯ 0.0‰, n ϭ 3), whereas monocrystalline quartz ribbons, which display heterogeneous intercrystalline strain and only minor recrystallization, have variable δ
Introduction
The influence of deformation on oxygen isotope exsional exchange along grain boundaries between phases with different modal abundances and clochange in the earth's crust is crucial to understanding a large number of phenomena in the earth scisure temperatures. The role of deformation, which can effectively short-circuit the diffusion path (by ences. With the aid of experimental data and increasingly complex models, the isotopic behavior fracturing or creating new grain boundaries), is less well understood but is receiving increased attenof rocks in the absence of deformation appears to be well understood (Dodson 1973; Giletti 1986;  tion as an effective means of enhancing isotopic exchange (Yund and Tullis 1991; Gromet 1991; Eiler et al. 1993; Jenkin et al 1994) ; using a mass balance approach, slowly cooled whole rock sys- Kirschner et al. 1995) . Deformation processes implicated in enhancing isotopic equilibration intems are currently interpreted in terms of diffuclude syntectonic recrystallization (Sharp et al. 1988; Yund and Tullis 1991; Kirschner et al. 1995) , 1 Manuscript received December 12,1995; accepted October microcracking (Kirschner et al. 1993 (Kirschner et al. ), dissolution-6, 1996 precipitation (O'Neil and Tylor 1967) , and neomin-tion of individual mechanisms can be difficult. Sample Localities With recent advances in analytical techniques (e.g., Greenschist-grade mylonites and protolith gneisses Sharp, 1992) , it is possible to examine both the isofrom two localities along the Blue Ridge thrust topic and deformation behavior of individual (Fries, Virginia, and Waterville, North Carolina) grains.
and two localities from the Brevard zone at RosThis study reports on the microstructures and man, North Carolina, were examined (O'Hara oxygen isotopic composition of individual quartz 1990; O'Hara et al. 1995) . The structural evolution and feldspar grains in mylonitic rocks from the of the Blue Ridge province is described in Evans southern Appalachians and demonstrates a corre- (1989) and Hatcher and Goldberg (1991) . Previous spondence between microstructure and isotopic chemical and stable isotopic studies of greenschist homogeneity on the grain scale. The first part of mylonites in the Blue Ridge province from these the paper examines the deformation mechanisms and related localities concluded that the mylonites that produce isotopic resetting and homogenizawere infiltrated by large volumes of fluid (fluid/ tion in greenschist mylonites. The second part exrock ratios of 10 2 -10 3 ; Sinha et al. 1988 ; O'Hara amines the significance of quartz-feldspar isotopic 1990). The fluid was a brine of variable salinity (3-temperatures in mylonites by comparing measured 25 wt % NaCl equiv.) with a δ
18
O value of 4 to 9‰ temperatures to calculated temperatures in these and was derived from either the structurally underrocks. The terms neocrystallization and recrystallilying clastic rocks at elevated temperatures (Schedl zation are used below to refer to the development et al. 1992) or from the underlying Paleozoic carof new grains/phases with and without associated bonates at low (80-160°C) temperatures (O'Hara et chemical changes, respectively. al. 1995) . Combined chemical and radiogenic isotopic studies of the mylonites in the Brevard zone at Rosman, North Carolina, indicate this zone underMethods went amphibolite-grade deformation in the OrdoviOxygen isotopic analyses were performed on quartz cian and fluid infiltration and greenschist-grade deand feldspar at the University of Lausanne's laserformation in the late Paleozoic (Sinha et al. 1988 ). based microanalytical facility using the techniques outlined by Sharp (1992) with the modification that sample oxygen was sent directly to the mass specSample Description and Results trometer without converting it to CO 2 (Sharp and Moecher 1994). Sections 200 µm thick were preThe protolith Henderson gneiss (90.RO.94) outside the Brevard mylonite zone (Penrose, North Caropared for isotopic analysis, and petrographic thin sections for both optical and electron microprobe lina) has a strong gneissic fabric and consists of feldspar (54%), quartz (35%), biotite and muscovite analyses were prepared from the same rock chip so that microstructures and grain sizes of individual (10%) and accessory epidote (table 2) . Mylonites (10-RO-94 and 20-RO-94) sampled at Rosman, grains could be identified with their oxygen isotopic compositions. Sample grains were extracted North Carolina, consist of quartz (24%), feldspar (48%), biotite and muscovite (21%), epidote (7%) from the thick sections under a stereoscopic microscope, and the position of each sample was recorded and minor titanite (table 2) . The retrograde metamorphic assemblage in these mylonites is quartzon an enlarged photocopy of the section. Analyses were made on approximately 1 mg of rock. The albite-epidote-biotite. Previous studies of this locality have documented metasomatic changes standard deviation (1σ) obtained on a laboratory standard over the period the work was done is Ϯ involving losses of alkalis and silica from the mylonites (e.g., Sinha et al. 1988 ). 0.28‰ (n ϭ 54). After correction for day-to-day drift the analyses are estimated to be accurate to within A distinctive feature of the mylonites at Rosman (and to a lesser extent the protolith gneiss) is the Ϯ 0.1‰ on the basis of analysis of homogeneous samples (table 1); δ   18 O values are reported relative development of rims of myrmekite up to 1.0 mm wide in various stages of neomineralization on the to SMOW. Feldspar chemical analyses were performed by electron microprobe using an acceleratmargins of perthitic alkali feldspar augen (figure 1a). Some augen are almost totally replaced by myring voltage of 15 kV and a beam current of 10 nA at the University of Kentucky's electron microprobe mekite. Under the binocular microscope the myrmekite appears as white rims on the feldspars. In facility. Grain sizes were measured on thin sections under a petrographic microscope using a calibrated polarized light the myrmekite varies from undeformed lobes of vermicular quartz in oligoclase ocular with digital output, and modal abundances are based on 500 point counts.
(An 21 ), commonly forming embayments into the host alkali feldspar (Or 94 Ab 6 ), to a mosaic of recrysthe rims of these feldspars yield a mean value of 9.2 Ϯ 0.1‰ (n ϭ 5), indicating the rims are isotopically tallized quartz and oligoclase (20) (21) ). The rims can be distinguished from the surrounding myloniheavier than the core by about 1‰ (figure 2). The δ
O analysis of one feldspar core in sample tic foliation by the general absence of a preferred grain orientation and by the absence of micas. The 20.RO.94 also gives a higher value of 9.3‰ ( 
Notes. The mean quartz grain size was estimated by measuring the width of several quartz ribbons and dividing by the number of crystallographically distinct grains encountered along each traverse. The diameter of mica books were measured in thin sections cut parallel to the foliation. For feldspar, fracture cleavage and perthite are taken to represent a minimum effective grain size (Worden et al. (1990) ; a maximum effective grain size corresponds to the actual grain size. Sources. Farver and Yund (1991); b. Giletti et al. (1978) ; c. Fortier and Giletti (1991); d. chlorite assumed to have same diffusivity as biotite; e. Matthews et al. (1983) and assuming Q ϭ 167 kJ mol Ϫ1 ; f. Farver (1994); g. where Δ 18 O quartz-x ϭ A(10 6 T 2 ) ϩ B; h. Bottinga and Javoy (1975) ; i. Wenner and Taylor (1971) ; j. Matthews and Schliestedt (1984) ; k. Sharp and Kirschner (1994) .
The quartz ribbons analyzed in sample VA.1.85 tinction is conspicuous (figure 1c). The δ
O values of these ribbons are heterogeneous, ranging from have large aspect ratios (20: 1) and are totally recrystallized into a mosaic of strain-free grains 11.2 to 12.2‰ (mean ϭ 11.6‰ Ϯ 0.5, n ϭ 5) (figure 2). (mean grain size of 24 µm) slightly elongated subparallel to the foliation (figure 1b). The quartz has a
The microstructural behavior of alkali feldspar in these samples is also distinct. Alkali feldspar in strong crystallographic preferred orientation (figure 3). The strain-free nature of the new grains indisample VA.1.85 are oval-shaped and are surrounded by laths of white phengitic mica (figure 1b), sugcates quartz underwent syntectonic recrystallization. The δ
O analyses of two quartz ribbons in gesting they were shortened normal to the foliation through dissolution rather than crystal plastic dethis sample yield the same value (12.9 Ϯ 0.0‰; n ϭ 3), indicating the recrystallized ribbons are isotoformation (O'Hara 1990). The δ
O values of feldspar in sample VA.1.85 range from 10.5 to 11.0‰ pically homogeneous (figure 2). In contrast, quartz in sample 3A.TN.89 forms monocrystalline quartz (mean ϭ 10.7 Ϯ 0.2, n ϭ 6). The deformation behavior of feldspars in sample 3A.TN.89 is, by compariribbons with relatively low aspect ratios (5 :1 or less) that display heterogeneous intracrystalline son, very heterogeneous and dominated by a crack seal texture (figure 1d). These microfractures are strain; subgrains are developed, with only local areas of recrystallization, and sweeping undulose exdecorated with small (Ͻ1 µm) fluid inclusions; δ values of these feldspars range from 8.8 to 10.2‰ (mean ϭ 9.4 Ϯ 0.7‰, n ϭ 3). Two adjacent feldspar grains give different values of 9.3 and 10.2‰. Both grains contain a high density of microcracks lined with submicroscopic fluid inclusions (figure 1d). Overall, the δ
O values of the heterogeneously deformed quartz and feldspar grains are more variable than either the neocrystallized or recrystallized grains, which display marked isotopic homogeneity.
The Effect of Deformation on Isotopic Equilibration. Two types of microstructures were observed in the quartz ribbons. The first type is polycrystalline ribbons with a homogeneous texture consisting of newly recrystallized (24 µm wide) grains (figure 1b). Relict quartz grains are rare. The fine grain size, together with their preferred shape orientation, suggests that post tectonic annealing has not affected the texture. This microstructure is crystalline strain (figure 1c). In this case recovery was active, resulting in sweeping undulose extinction, subgrain development and deformation bands, but only local recrystallization. This microstructure corresponds to regime 2 of Hirth and Tullis (1992), which represents a lower temperature and/ or a faster strain rate dislocation creep regime compared to regime 3.
In regime 1 (Hirth and Tullis 1992), grain boundary migration recrystallization is the dominant recovery mechanism. In this low temperature/high strain rate regime nonrecrystallized relict grains are common. In regime 2 rotation recrystallization is the dominant recrystallization mechanism. In regime 3, both mechanisms of recrystallization operate, resulting in total recrystallization at lower strains. During grain boundary migration recrystallization, dislocations are absorbed by the advancing boundary as deformed grains are replaced by strainfree grains. This sweeping of high diffusivity grain boundaries through grains promotes chemical and isotopic equilibration (Yund and Tullis 1991; Gromet 1991; Kirchner et al. 1995) . In rotation recrystallization grain boundaries only change orienta- ever, the recrystallized grain size is finer than the original size, so that isotopic equilibration by volume diffusion involves a shorter path. An additional effect of deformation is the development of a preferred crystallographic orientation. Because the c-axes are normal to deformed ribbons (figure tion) results in homogeneity and isotopic resetting. The microstructural characteristics of individual 3), and diffusion in quartz parallel to the c-axis is faster by two orders of magnitude compared to difgrains are therefore a good guide to predicting the isotopic behavior of minerals in deformed rocks. fusion perpendicular to the c-axis (Giletti and Yund 1984) , diffusion across the short dimension of the The possibility that the homogeneously deformed samples experienced higher temperatures, and that ribbon will also be faster.
The isotopic homogeneity indicated by the comtheir isotopic homogeneity is a temperature, rather than a deformation effect, is addressed below. pletely recrystallized quartz ribbons in sample VA.1.85 (regime 3) and the substantial isotopic het-
Significance of Isotropic Temperatures in Mylo-
nites. Even in simple lithologies, stable isotope erogeneity displayed by largely non-recrystallized monocrystalline ribbons in sample 3A.TN.85 (rethermometry often cannot be used to determine peak metamorphic or igneous temperatures. In gime 2; figure 2) supports the role of recrystallization in promoting isotopic equilibration. Crystal slowly cooled rocks, isotopic exchange of one of the mineral pair with a third mineral occurs during retplastic deformation in quartz, without the formation of finer strain-free grains (e.g., 3A.TN.85), is rograde cooling, so that the original pair are no longer in equilibrium (Giletti 1986 ). The effect of apparently ineffective in substantially enhancing isotopic equilibration. In feldspar, the presence of superimposing deformation processes on such a system is likely to complicate further the measured intracrystalline-healed microcracks decorated with fluid inclusions (figure 1d) demonstrates that these isotopic values. The significance of isotopic temperatures derived from mylonites (whether they fractures represented episodic pathways for feldspar-fluid interaction. The substantial isotopic hetrepresent the temperature of deformation or cooling through a closure temperature) is important to erogeneity of feldspars in sample 3A.TN.89 (figure 2) indicates that microcracking did not lead to isounderstanding deformation processes and the temperature conditions under which they operate. topic homogenization.
In contrast to the microcracks in feldspar, indiIn order that the temperature based on isotopic fractionation between two phases corresponds to cating brittle deformation, the myrmekitic rims on the Rosman mylonite feldspars represent neocrysthe temperature of deformation (T d ), three conditions must be satisfied: (1) the value of T d must be tallization. Although there are several proposed mechanisms for the origin of myrmekite (e.g., less than or equal to the closure temperature of the system (T sys ), (2) the deformation must produce isoSimpson and Wintsch 1989), they all involve the transformation of an alkali-feldspar molecule (KAltopic re-equilibration, and (3) the system is not subsequently disturbed. T sys is defined as the actual As shown in the first part of this sult in isotopic homogenization on the millimeter scale. Considering that the recrystallized feldspar study, the second condition above will be satisfied as a result of syntectonic recrystallization or neorims are composed of oligoclase and quartz, their higher δ
18
O values can be accounted for by 35% crystallization. If T d is greater than T sys , the first condition is not met and the isotopic temperature quartz (10.6‰) and 65% An 20 (8.4‰), based on an oligoclase-alkali-feldspar fractionation of 0.1‰ at will record retrograde diffusional exchange down to T sys ; in this case T sys provides a minimum estimate 370°C (O'Neil and Taylor 1967). This temperature is suggested by quartz-feldspar fractionation in of the temperature of deformation. During deformation the effective grain size is these samples (table 1; Bottinga and Javoy 1975). The modal composition above agrees with the commonly reduced by recrystallization and/or fracturing. Because T c depends on the square of the abundance of quartz and feldspar in the myrmekite observed in thin section.
grain size (Dodson 1973) , deformation has the effect of lowering the value of T c . This may also have an In summary, the oxygen isotope analyses presented indicate that inhomogeneous deformation, effect on T sys . In the case of plastic deformation, the syntectonic recrystallized grain size depends on the whether brittle or ductile (e.g., microcracking or plastic deformation without recovery or recrystallimagnitude of the stress during deformation and not on temperature (Twiss 1977) , so that the relationzation) result in isotopic heterogeneity on the grain scale. On the other hand, homogeneous deformaship between T c and T d in deformed minerals will not be simple. An additional factor in interpreting tion (complete neocrystallization or recrystalliza-enization, T d will be below T sys . If the system remains closed, the three conditions outlined above are satisfied, and the isotopic temperature will correspond to the temperature of deformation.
The significance of measured isotopic temperatures in the mylonites can be addressed by comparing the temperatures indicated by quartz-feldspar fractionations in homogeneously deformed samples to the calculated closure temperatures (Dodson 1973) of the major phases. The Dodson closure temperature is also compared to calculated temperatures based on a finite difference model (EX; Jenkin et al., 1994) which takes into account, among other variables, modal abundances. Isotopic temperatures based on observed quartz-feldspar fractionations were calculated from the data in table 1. gneisses, and in the case of the mylonites,there is reasonably good agreement between the Dodson closure temperature of quartz (T c quartz) and the isotopic temperatures would be a post-tectonic annealing event which might increase grain size, observed temperatures. In the case of the gneisses, the EX temperatures are in good agreement with thereby increasing the calculated value of T c . If the δ
O value of the minerals remain unchanged durthe observed temperatures. For both Dodson and EX models the quartz-coarse feldspar temperatures ing annealing, the isotopic temperature might appear to be lower than T sys , and be misinterpreted as yield a substantially better fit to the measured temperatures compared to quartz-fine feldspar temperthe temperature of deformation.
Two hypothetical examples of the relationship atures (table 3) , possibly indicating that feldspar microfractures occurred after O diffusion ceased. between T d and T sys are shown in figure 4 , where a recrystallization event on a time temperature curve
The behavior indicated in figure 5 is interpreted as follows (Giletti 1986) . After quartz closed to oxy-(t-T curve) results in mylonites with different closure temperatures being produced at time t 1 . In the gen diffusion, feldspar-mica exchange occurred down to the closure temperature of one of these case of mylonite (a), on the prograde limb of the time temperature path (0 Ͻ t Ͻ t 1 ), the temperature phases (whichever is higher), below which, in a closed system, no further exchange could occur. is less than T sys of the gneiss, so that if no further isotopic exchange occurs, the isotopic temperature T sys would therefore correspond to T c of the next to last mineral to close. This will be either feldspar or in the gneiss will relate to an earlier cooling history. If recrystallization and grain-size reduction mica and will occur at 220 to 330°C (table 3) . In samples in which feldspar is the major oxygen resoccur at t 1 , T sys of the mylonite is now less than T d . In this case the isotopic temperature in the myloervoir, feldspar would not be expected to undergo a substantial shift in its δ
O value during feldsparnite will be due to cooling through T sys at time t 2 , rather than the temperature of deformation. In the mica exchange. Thus the temperature based on the quartz-feldspar pair should agree with the Dodson case of mylonite (b), the behavior for 0 Ͻ t Ͻ t 1 will be the same as above. However, if a recrystallizaclosure temperature of quartz ( figure 5 ). In the case of mica-rich samples (table 2) , EX modeling indition event occurs at t 1 , resulting in isotopic homog- (Dallmeyer 1988; Connelly and Dallmeyer 1993) . Cooling rates between 3 and 6°C/m.y. are indicated. A cooling rate of 5°C/ m.y. is used in this study. A cooling rate of 2°C/m.y. changes the calculated temperatures by Ͻ10°C. c EX modeling after Jenkin et al. (1994) ; parameters given in table 2. Gneisses were cooled from 600°and mylonites were cooled from 450°C. d Quartz-fine feldspar. e Quartz-coarse feldspar. G-gneiss; M-mylonite. Analytical error ϭ 0.1%.
cates that feldspar undergoes an upward shift in its this assumption is valid ( Figure 5 ). In the case of the mylonites, however, this assumption is appar-δ
O value, resulting in a higher apparent quartzfeldspar temperature. This effect explains the ently at odds with major and trace element chemical data that indicate fluid infiltration occurred unhigher EX temperatures compared to Dodson temperatures in figure 5 . At temperatures below T c der open system conditions in these mylonites (Sinha et al. 1988; O'Hara 1990; O'Hara et al. 1995) . quartz (355 to 395°C; table 3) mica-feldspar diffusive exchange is likely to be slow, so that the obIf, however, the major element chemical changes occurred during the deformation event, and the served quartz-feldspar temperature will only slightly overestimate the temperature of last equilrock behaved as a closed system subsequently, both the isotopic data and the major element chemical ibration. In the two homogeneously deformed mylonite samples (VA.1.85 and 10.RO.94), the obdata are reconciled. In the context of figure 4, fluid infiltration and deformation occurred simultaserved isotopic temperatures (370 Ϯ 20 and 390 Ϯ 20°C) will therefore represent maximum temperaneously at time t 1 . Because dilatancy can occur under macroscopically ductile conditions (Fisher and tures for the deformation. A minimum estimate is given by the temperatures at which these samples Paterson 1989), the cessation of deformation may have coincided with closed system behavior if high cooled as closed systems. EX modeling indicates that the observed isotopic temperature of 370 Ϯ permeability conduits became closed. That two of the mylonites did indeed behave as closed systems 20°C in the mylonites is reproduced if the mylonites became closed at 325 Ϯ 10°C, thereby placing after deformation ceased is indicated by agreement between their measured and calculated EX tempera minimum estimate on the temperature of deformation.
atures ( figure 5) . The results of this study have some important implications for the temperature associated with Discussion the onset of quartz plasticity and resultant reduction in the strength of the crust with depth. 300°C An important assumption in the EX model is closed system behavior on the whole rock scale. The is commonly quoted as the temperature for the onset of dynamic recrystallization of quartz in the agreement between observed and calculated temperatures in the case of the gneisses indicates that crust (based largely on Voll 1976 and Kerrich et al. Fitzgerald and Stunitz 1993) , so that the temperature of formation of phyllosilicate-rich mylonites also has important implications for the strengthdepth relations of the continental crust. Sample 3A.TN.89 in this study displays quartz microstructures similar to those in regime 2, but a temperature estimate for this sample is subject to substantial uncertainty because of isotopic heterogeneity. Nevertheless, the mean quartz-feldspar fractionation in this sample corresponds to a temperature of 360°C, which on the basis of arguments above is a maximum estimate for T d . Microstructures in quartz in other mylonite samples (table 3) are consistent with deformation in dislocation creep regime 3 of Hirth and Tullis (1992) , where quartz recrystallization is extensive and relict grains are rare; a minimum estimate for the temperature of deformation in these samples is 325 Ϯ 10°C and a maximum estimate is 370 Ϯ 20°C. The isotopic temperatures of Kerrich et al. (1977) are in- It is pointed out that slower strain rates, which may Agreement between EX temperatures and measured temoccur during regional metamorphism, will lower peratures indicates that minerals in these samples underthe temperature of this boundary. went diffusive exchange during closed system cooling.
Because phyllosilicates are a significant weak See tables 2 and 3 for modeling parameters.
phase in the mylonites the temperature estimate above also represents the interval over which reaction enhanced softening and feldspar dissolution is 1977, and extrapolation of laboratory based flow laws to natural strain rates). With the recognition likely to be important in these rocks (O'Hara 1990). At substantially higher temperatures (i.e., 450°C) that there are different mechanisms of dynamic recrystallization in quartz, which occur in three diffeldpar is thought to behave plastically (Voll 1976) . The interval 350-400°C is therefore likely to be imferent temperature strain rate regimes (Hirth and Tullis 1992), the question arises as to which regime portant for the onset of weakening of both quartz (by recrystallization) and feldspar (by dissolution this temperature applies? It is clear that Voll (1976) was referring to fully plastic behavior of quartz inand reaction softening) in the continental crust. In summary, complete resetting of the oxygen volving total syntectonic recrystallization, and this microstructure would correspond to regime 3 of isotopic systematics as a result of deformation in quartzo-feldspathic rocks appears to require comHirth and Tullis (1992). The source of Voll's (1976) temperature estimate is less clear, but it appears to plete recrystallization (see also Kirschner et al. 1995) . Brittle and crystal plastic deformation mechbe based on metamorphic isograds. On the basis of quartz-magnetite O isotopic fractionation, Kerrich anisms that result in heterogeneous strain are associated with variable δ
O values. In order for isoto et al. (1977) refer to 300°C as the temperature at which dislocation creep in quartz dominates over pic temperatures to represent the temperature of deformation, T d must be less than or equal to T sys , intercrystalline diffusion for mm-sized parent grains, and these workers show a microstructure deformation must result in isotopic homogenization, and the system must remain closed. The good similar to that observed in regime 3. In addition to quartz plasticity, it has been recognized more recorrespondence between the observed and calculated EX temperatures for the gneisses indicates cently that the retrograde alteration of feldspars to micas maybe an equally important strain softening that the minerals in these rocks underwent retrograde diffusive exchange under closed system conmechanism in the crust (Janeke and Evans 1988;  ditions. The reasonable agreement between observed lization and feldspar by reaction softening in the interval 350-400°C in natural shear zones. temperatures for mylonites and the calculated Dodson quartz closure temperatures, on the other hand, indicates that diffusive exchange below T c
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